Figure 2 is a block diagram showing a unidirectional isolation system according to the 
present invention. 

Figure 3A is a block diagram detailing the circuitry used to provide a two-phase, non- 
overlapping clock signal to the delta-sigma modulators that are used in preferred embodiments of 
this invention. 

Figure 3B is a timing diagram that illustrates timing relationships between various clock 
and data signals that occur in the circuitry of the present invention. 

Figures 4A and 4B are diagrams that illustrate signal formats that may be produced by the 
encoders used in this invention. 

Figure 5 is a block diagram showing the components of exemplary clock recovery circuit 
that is used in the present invention. 

Figures 6A and 6B are schematic diagrams of active diode bridge circuits that may be 
used as power supplies in preferred embodiments of the present invention. 

Figure 7 is a block diagram illustrating a bidirectional isolation system according to the 
present invention. 

Figure 8 is a block diagram of a clock recovery and data synchronization circuit 
according to a preferred embodiment of the present invention. 

Figure 9 is a schematic diagram of a phase detector circuit that may be used in a clock 
recovery circuit according to a preferred embodiment of the present invention. 

Figure 10 is a schematic diagram of a frequency detector circuit that may be used in a 
clock recovery circuit according to a preferred embodiment of the present invention. 

Figure 11 is a block diagram of a decoder circuit that may be utilized in a preferred 
embodiment of the present invention. 

Figure 12 is an illustration representing a framing format that may be beneficially used in 
preferred embodiments of the present invention. 

Figures 13A and 13B are schematic diagrams of driver circuits that may be utilized to 
implement the present invention. 

Figure 14 is a timing diagram illustrating an alternative framing format that may be used 
in bidirectional embodiments of the present invention. 



Figure 15 is a block diagram of a clock recovery circuit that may be employed for use 
with the framing format of Figure 14. 

Figure 16 is a general block diagram of digital DAA circuitry including phone line side 
circuitry, an isolation barrier, and powered side circuitry according to the present invention. 

Figure 17 is a general block diagram of transmit and receive signal paths within digital 
DAA circuitry according to the present invention. 

Figure 18 is a general circuit diagram of digital DAA circuitry implemented with two 
integrated circuits (ICs) and a capacitive isolation barrier according to the present invention. 

• Please make the following amendments to the specification as filed at page 6, line 28 
to page 7, line 9: 

Figure 2 19 is a general block diagram of digital DAA circuitry including phone line side 
circuitry, an isolation barrier, and powered side circuitry according to the present invention. 

Figure $ 20 is a general block diagram of transmit and receive signal paths within digital 
DAA circuitry according to the present invention. 

Figure [[4]] 21 is a general circuit diagram of digital DAA circuitry implemented with 
two integrated circuits (ICs), a capacitive isolation barrier, and external circuitry according to the 
present invention. 

Figure 5A - 5D 22A-22D are DC termination characteristic curves of various DC 
termination modes of the present invention. 

Figure 6 23 is a general block diagram of a technique for implementing current limiting 
according to the present invention. 

Figure 7 24 is a circuit diagram of a DC holding circuit according to the present 
invention. 

Figure & 25 is graph of current characteristics of a distortion limiting technique according 
to the present invention. 



In the Description of Preferred embodiments: 



• At page 8, line 3, please insert the following: 

Figure 2 illustrates a basic block diagram of a preferred embodiment of the present 
invention. First the overall operation of the invention will be described, and then each 
component will be described in detail to the extent required to enable a person skilled in the art to 
make and use the invention. As a matter of terminology, the circuitry shown on the left or 
powered side of the isolation barrier (capacitors 209 and 210 in Figure 2) will be referred to as 
the "powered" circuitry or the "transmit" circuitry or system, and the circuitry on the right side of 
the isolation barrier will be referred to as the "isolated" or "receive" circuitry or system. The 
"transmit" side can ordinarily be identified by the location of the dominant master oscillator 202 
on that side of the barrier, and the slave oscillator (e.g. clock recovery circuit 216) is located on 
the receive side. Note, however, that in some embodiments of the present invention signals may 
be transmitted from the receive system to the transmit system, so these terms do not necessarily 
indicate the direction of data flow across the barrier. Furthermore, in some embodiments the 
master oscillator may be on the low-power (e.g. telephone system) side of the barrier, and a clock 
recovery PLL may be located on the high-power side of the barrier. 

Referring to Figure 2, a preferred unidirectional capacitive isolation system according to 
the present invention includes a delta-sigma analog to digital converter 201 operable on the 
analog input 212 and driven by a clock signal from oscillator 202. The digital output of the 
delta-sigma ADC 224 is synchronous with the operating frequency of oscillator 202 and time 
division multiplexed with digital control signals 219 by encoder circuit 213. The encoder circuit 
213 also formats the resulting digital data stream 230 into a coding scheme or framing format 
that allows for robust clock recovery on the receiving side of the isolation barrier. The isolation 
barrier comprises two high voltage capacitors 209 and 210. In one embodiment of the present 
invention, driver circuit 214 drives the transmit side of capacitor 209 with a digital voltage 
signal. Clock recovery circuit 216 presents a very high impedance to the receive side of 
capacitor 209, allowing the digital voltage output of driver 214 to couple across the isolation 
barrier. In this embodiment, capacitor 210 provides a return current path across the barrier. In 



another embodiment, capacitors 209, 210 are differentially driven by complementary digital 
outputs of driver circuit 214. In that embodiment, clock recovery circuit 216 presents a very high 
impedance to the receive sides of capacitors 209 and 210, allowing the differential digital voltage 
outputs of driver 214 to couple across the isolation barrier. The input to driver circuit 214 is the 
output 230 of encoder 213. 

The receive side of the isolation barrier includes clock recovery circuit 216, with inputs 
connected to isolation capacitors 209 and 210. The clock recovery circuit recovers a clock signal 
from the digital data driven across the isolation barrier. The recovered clock provides clocking 
signals for decoder 217 and delta-sigma digital-to-analog converter 208. Decoder circuit 217 
separates the time division multiplexed data signal from control signals, providing a digital 
control output 228 and data output 232 that is routed to delta-sigma DAC 208. The delta-sigma 
DAC 208, with digital input supplied from decoder 217 and clock supplied from clock recovery 
circuit 216, provides the analog output of the receive side of the isolation system, which closely 
corresponds to the original analog input 212. 

Active diode bridge circuit 640 may also be connected to isolation capacitors 209 and 210 
to provide a DC voltage source 220 to clock recovery circuit 216 and decoder circuit 217 derived 
from energy contained in the signal transmitted across the isolation barrier. 

In the descriptions of preferred embodiments that follow, all circuit references are made 
with respect to MOS (metal oxide-semiconductor) integrated circuit technology, although the 
invention may be implemented in other technologies as well, as will be understood by one skilled 
in the art. A preferred embodiment incorporates transmit system 225 consisting of delta-sigma 
ADC 201, oscillator 202, encoder 213 and driver 214 fabricated on one silicon substrate, and 
receive system 226 consisting of clock recovery circuit 216, decoder 217, delta-sigma DAC 208 
and active diode bridge 640 fabricated on a second silicon substrate. The two separate silicon 
substrates are required to maintain the high voltage isolation provided by capacitors 209 and 210, 
since typical MOS technologies cannot provide high voltage isolation of 1000 volts or greater. 

The delta-sigma analog-to-digital converter, shown as block 201 of Figure 2, is well 
known in the art. See, for example, J.C. Candy, A Use of Double Integration in Sigma Delta 
Modulation , IEEE Trans. On Communication, March 1985, pp. 249-258, and B.E. Boser and 
B.A. Wooley, The Design of Sigma-Delta Modulation Analog-to-Digital Converters , IEEE 



Journal Solid State Circuits, Dec. 1988, pp. 1298-1308, both of which are incorporated herein by 
reference. The specific design of ADC 201 will be a matter of design choice depending upon the 
needs of the particular application in which the isolation barrier will be used. 

The use of a delta-sigma converter within the isolation system provides several desirable 
features. It will be appreciated that the delta-sigma converter uses a high oversampling rate to 
provide accurate A/D conversion over the input signal bandwidth without the use of precisely 
matched components or high-order, analog anti-aliasing filters. Moreover, such converters 
occupy a relatively small amount of space on an integrated circuit and are relatively easy to 
fabricate on a CMOS chip. 

The digital pulse stream 224 output from delta-sigma converter 201 encodes the analog 
input signal 212 in a pulse density modulation format. In pulse density modulation, the 
amplitude information of the analog input signal is contained in the density of output pulses 
generated during a given interval of time. 

Suitable designs for oscillator circuit 202 are well known in the art and may typically 
comprise a ring oscillator, relaxation oscillator, or an oscillator based on a piezo-electric crystal 
disposed external to the integrated MOS circuit. See, for example, A.B. Grebene, Bipolar and 
MPS Analog Integrated Circuit Design , John Wiley and Sons, 1984, which is incorporated 
herein by reference. Figure 3A further illustrates the clock signals that may be provided to 
delta-sigma converter 201 in a preferred embodiment of this invention. Clock signal 302 from 
oscillator 202 is input to clock divider circuit 304 that divides the frequency of the input clock 
and provides an output in the form of two phase, non-overlapping clock signals 0 X and 0 2 to the 
delta-sigma modulator circuit. The design and construction of clock divider circuit 304 is within 
the ordinary skill in the art and is not detailed here. Since encoder circuit 213 may perform time- 
division multiplexing of the digitized data signal 224 with digital control input data 219 using a 
time base derived from oscillator 202, clock divider 304 of Figure 3 A must typically divide the 
frequency of oscillator 202 by at least a factor of two. 

Figure 3B illustrates exemplary signals associated with clock divider circuit 304 and 
delta-sigma modulator 201 in Fig. 3 A. Trace 310 is the clock signal received from oscillator 202 
on line 302. Trace 312 is the "clock divided by 2" signal that is generated by clock divider 
circuit 304. Traces 314 and 316 illustrate exemplary two phase, non-overlapping clock signals 



0, and 0 2 , respectively, that may be output from clock divider circuit 304 to delta-sigma 
modulator 201. Trace 318 represents the analog input to ADC 201, which generally changes 
very slowly in comparison to the frequency of clock signal 310. This bandwidth relationship is 
required because the delta-sigma modulator must operate at a sampling rate much higher than a 
typical Nyquist rate (for example, a 1 MHz sampling rate for a 4 kHz voiceband signal is typical) 
in order for the information in the analog signal to be accurately represented by the single-bit 
binary output. Finally, trace 320 represents the digital output of delta-sigma modulator 201, 
which may, for example, be synchronized to the rising edge of clock signal 0,. (The illustrated 
output bit pattern 320 is provided to show exemplary timing relationships and does not attempt 
to accurately reflect the illustrated analog input 318). 

Referring to Figure 2, the encoder circuit 213 performs two primary functions in 
preferred embodiments of this invention. The first function of encoder 213 is time-division 
multiplexing of control signals 219 from other circuitry and data signals 224 from the delta- 
sigma modulator 201, an operation that is well known in the art and subject to many suitable 
implementations. The multiplexing function is synchronized by clock signals from oscillator 
202. The second function of encoder 213 is formatting the data for transmission across isolation 
capacitors 209, 210. Figure 4 details one coding scheme that may be used to transmit digital 
pulses across the capacitive isolation barrier. (Another suitable coding scheme is described 
below with reference to Figure 14.) Figure 4A shows the format for data sent from the transmit 
circuit to the receive circuit. When data = 1 for a given bit cell, the output of the encoder is high 
for the first quarter of the bit cell period. When data = 0 for a given bit cell, the output of the 
encoder is high for the third quarter of the bit cell period. This coding scheme guarantees one 
low-to-high transition followed by one high-to-low transition for every bit cell period, 
independent of the data pattern. The resulting data independent transition density allows for 
robust clock recovery in the receiving circuitry on the other side of isolation capacitors 209, 210. 
Alternatively, robust clock recovery can also be achieved by use of a preamble used for 
frequency locking followed by a data pattern which is not of constant average frequency. 

In a bidirectional system, as is described below in connection with Figure 7, the transmit 
system encoder 702 and driver 703 may cooperate to provide a high-impedance tri-state output to 
the isolation capacitor 705 during either the last half of the bit cell period 410 (if transmit data = 



1) or the first half of the bit cell period 411 (if transmit data = 0) as shown in Figure 4 A. This 
permits transmission of information from the receive system to the transmit system during that 
portion of each bit cell when the transmit driver 703 is tri-stated. 

In a preferred embodiment, at the beginning of each bit cell period the receive system 
decoder section 708 detects whether the transmit circuit has sent a data = 1 pulse across the 
isolation barrier. If a transmit data = 1 pulse was sent, the receive driver remains tri-stated until 
the second half of the bit cell period, during which time a receive data = 0 or 1 pulse can be sent 
back across the isolation barrier to the transmit system. If a transmit data = 1 pulse is not 
detected by the receive circuit the receive driver sends receive data = 0 or 1 during the first half 
of the bit cell period and tri-states for the second half of the bit cell period. This operation is 
shown in Figure 4B. 

In those embodiments in which the digital, bidirectional communication is differential, 
capacitors 705 and 706 are driven by complementary digital voltages in both directions, and the 
driver circuits associated with both capacitors are tri-stated during selected portions of the bit cell 
period in accordance with the coding scheme shown in Figure 4. 

A preferred embodiment of the unidirectional driver circuit 214 of Figure 2 is detailed in 
Figure 13 A for single ended (not differential) communication and Figure 13B for differential 
communication across the capacitive isolation barrier. Referring to Figure 13 A, the transmit 
circuit driver 214 may comprise an inverter 250 driven by the encoder output signal 230. The 
output of inverter 250 drives the transmit circuit side of isolation capacitor 209 to transmit logic 
levels defined by the transmit V DD and ground voltage levels. The clock recovery input buffer 
presents a high impedance to the receive side of capacitor 209, thereby allowing the receive side 
of capacitor 209 to attain substantially the same logic levels as the transmit side of capacitor 209. 
In this manner the digital logic signal is effectively coupled across the capacitive isolation 
barrier. 

Capacitor 210 is disposed between the transmit circuit ground node 254 and receive 
circuit ground node 256 in order to form a ground current return path across the isolation barrier. 
This path is required because the clock recovery buffer input impedance, although high, is not 
infinite. Therefore a small current must flow across the barrier and back in order to couple the 
digital logic signal across the barrier. Furthermore, capacitor 209 must deliver charge to the 



active diode circuit 640 (Figure 2) in order that a supply voltage for several receive circuit 
sections can be provided. The current associated with this transfer of charge from the transmit 
circuit to the receive circuit must have a path to return to the transmit circuit. 

The single-ended communication system described above is insensitive to voltage signals 
that may exist between the transmit circuit ground 254 and receive circuit ground 256 provided 
that the rate of change of such voltage signals is substantially less than the frequency of the 
digital signal transmitted across the barrier. The single-ended method is also insensitive to 
resistive and capacitive impedances that may exist between the transmit circuit ground 254 and 
receive circuit ground 256. The system can be desensitized to inductive impedances that may 
exist between the transmit circuit ground 254 and receive circuit ground 256 by adding resistive 
elements in series with capacitor 210, in series with the transmit ground connection 254, in series 
with the receive ground connection 256, or any combination of these. 

Figure 13B shows an example of a suitable differential driver 258 for unidirectional 
digital communication across a capacitive isolation barrier. The inverter 260 that drives 
capacitor 209 is driven by the digital signal output from the transmit encoder circuit 213, while 
inverter 261, which drives capacitor 210, is driven by the complement 231 of the digital signal 
output from transmit encoder circuit 213* Clock recovery input buffer 262 presents high 
impedances to the receive sides of capacitors 209 and 210, allowing the differential digital 
transmit voltages to couple across the isolation barrier. In this differential communication 
method, both capacitors 209 and 210 provide return current paths across the isolation barrier. 
The differential digital communication system described above is largely insensitive to voltage 
signals and impedances that may exist between the transmit circuit ground 254 and receive 
circuit ground 256, since these voltages and impedances appear as common mode influences in 
differential communication. 

Bidirectional communication across the barrier can be supported by additional driver and 
receive buffer structures, similar to those shown in Figure 13, without the need for any additional 
isolation elements, providing that inverters 250, 260, 261, which drive the high voltage isolation 
capacitors, can be tri-stated generally in accordance with the timing diagram shown in Figure 4 
or any other suitable coding and timing scheme. In some embodiments, additional capacitor 



driving inverters that can be tri-stated may be provided in a receive-side driver circuit 713 
(Figure 7) and input buffers may be provided in a transmit side decoder circuit 714. 

In presently preferred embodiments, the actual isolation barrier comprises a pair of 
isolation capacitors 209 and 210, which are high voltage capacitors that may be chosen for a 
particular application to prevent DC and low frequency current flow across the barrier and 
protect the isolated circuitry from high voltage faults and transients, while permitting data at 
selected transmission frequencies to cross the barrier. The capacitors must be capable of 
withstanding anticipated voltages that may appear due to faults in the powered circuitry 225, in 
order to provide the protective function that is the purpose of the barrier. For example, in 
preferred embodiments ordinary 2000 volt capacitors with capacitance on the order of 100 pF 
may be utilized in the isolation barrier. In a barrier system in accordance with the present 
invention it is not necessary to use high precision capacitors, because the system is very tolerant 
of variations in capacitor performance due to environmental influences, such as variations in 
voltage and temperature. 

A preferred embodiment for a clock recovery circuit 216 for use in this invention is 
detailed in Figure 5 and described below. One section of the clock recovery circuit may be a 
phase locked loop ("PLL") circuit, consisting of phase/frequency detector 531, charge pump 532, 
resistor 533, capacitor 534, and voltage controlled oscillator ("VCO") 535. The other section of 
the clock recovery block is data latch 542 operating outside the phase locked loop to re-time the 
digital data received across the isolation barrier. Circuitry for performing these functions is well 
known to those skilled in the art. See, for example, F. Gardner, Phaselock Techniques , 2d ed., 
John Wiley & Sons, NY, 1979; and R. Best, Phase-Locked Loops , McGraw-Hill, 1984, which 
are incorporated herein by reference. The data input to the receive system from the isolation 
capacitors may be derived from a differential signal present at the barrier by passing the 
differential signal through MOS input buffers (not shown), which are well known in the art, and 
providing a single-ended binary output signal 530 to the clock recovery circuit. 

The illustrated exemplary phase/frequency detector 531 receives a digital input 530 from 
the isolation barrier and an input 536 from the output of VCO 535 and performs a phase 
comparison between these two inputs. If the VCO phase lags the input data phase, a speed up 
signal 538 is supplied to charge pump 532. If the input data 530 phase lags the VCO output 536 
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phase, a slow down signal 540 is supplied to charge pump 532. In response to "speed up" inputs 
from phase/frequency detector 531, charge pump 532 delivers a positive current to the loop filter 
consisting of resistor 533 and capacitor 534 connected in series. In response to "slow down" 
inputs from the phase/frequency detector, charge pump 532 sinks a positive current from the loop 
filter. The output voltage of the loop filter at node 542 drives voltage controlled oscillator 535, 
which increases its operation frequency as the input voltage increases. The output of VCO 535 is 
fed back as input 536 to phase/frequency detector 531, and it is also used to re-time the input 
data 530 by serving as the clock input to flip-flop latch 542, thus providing a clock signal to the 
isolated circuitry and also providing data signal 546 that is synchronized to clock signal 544. A 
divider circuit may be included in the feedback path 536. 

The phase/frequency detector and charge pump operate to increase loop filter voltage 542 
and VCO frequency if VCO phase 536 lags input data phase 530. Conversely, the VCO 
frequency is decreased if the VCO phase leads input data phase. In this manner, the VCO output 
phase is adjusted until phase lock is achieved with input data. Consequently, the VCO frequency 
is driven to be substantially identical to the input data frequency. 

If noise interference occurs at the isolation barrier, the input data transitions will occur at 
points in time that are noisy, or jittered, relative to the transition times of the transmit circuit 
driver. These jittered data edges will cause a noise component in the charge pump current that 
drives the loop filter. The loop filter and VCO, however, low-pass filter this noise component, 
substantially attenuating the effects of this input data jitter. Consequently, the VCO output 
signal, while frequency locked to the input data, contains substantially less phase noise than the 
noisy input data. The bandwidth of the phase noise filtering operation may be set independently 
of the bandwidth of the analog signal to be communicated across the isolation barrier. Since the 
filtered, phase locked loop output clock signal 544 is used to latch or re-time the noisy input data 
at flip flop 542, the effects of noise interference at the capacitive isolation barrier are 
substantially eliminated. Finally, the filtered, phase locked loop output clock signal 544 is used 
as the timebase or clock for the other receive circuits, including decoder 217 and delta-sigma 
DAC 208 shown in Figure 2, resulting in an analog output 218 of the capacitive isolation system 
that is substantially free from any noise interference that may have been introduced at the 
capacitive isolation barrier. 



Preferred embodiments of active diode bridge circuit 640 of Figure 2 are detailed in 
Figure 6A for single-ended digital communication and Figure 6B for differential digital 
communication across the isolation barrier. The active diode bridge generates a DC power 
supply voltage V DD , which may be used to operate the clock recovery and receiver decoder 
circuits, in response to the digital data received across the capacitive isolation barrier. An active 
diode bridge circuit is distinguished from a standard or passive diode bridge in that the gating 
elements are active transistors rather than passive elements such as bipolar diodes. 

Referring to the exemplary circuit illustrated in Figure 6A, isolation capacitor 209 is 
connected to node 625 and isolation capacitor 210 is connected to node 626. The source of n- 
channel MOSFET 621 and the source of p-channel MOSFET 622 are connected to node 625. 
Also connected to node 625 is the input of standard CMOS inverter 623. The output of inverter 
623 drives the gates of MOSFETS 621 and 622. The drain of n-channel MOSFET 621 is 
connected to node 626, the receive circuit ground node, while the drain of p-channel MOSFET 
622 connects to node 627, which provides V DD voltage for the isolated circuitry. Also connected 
to V DD node 627 are load capacitor C L 624 and the power supply input of CMOS inverter 623. In 
a preferred embodiment, the power supply inputs of clock recovery circuit 216 and decoder 
circuit 217 shown in Figure 2 are also connected to V DD node 627. 

Referring to the exemplary embodiment illustrated in Figure 6A, the operation of the 
active diode bridge circuit used in single-ended digital communication will now be described. A 
digital logic signal is coupled across capacitor 209 from the transmit section. When a digital 
"high" signal is received through capacitor 209, node 625 goes high. The logic "high" signal on 
node 625 forces the CMOS inverter 623 output node to go low, turning off device 621 and 
turning on device 622. Consequently, current flows through capacitor 209, device 622, and from 
V DD to receive circuit ground through capacitor C L and through clock recovery and decoder 
circuitry shown in Figure 2. The circuit is completed by current flow returning across the 
isolation barrier through capacitor 210. The current demand by circuitry on V DD through 
capacitors 209 and 210 must be limited so that the voltage on node 625 relative to node 626 can 
still be recognized as a digital high logic level. When a digital "low" signal is received through 
capacitor 209, CMOS inverter 623 turns off device 622 and turns on device 621. Consequently, 
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current flows across the isolation barrier through capacitor 210, through device 621, and returns 
across the isolation barrier through capacitor 209. Therefore, although no average current flows 
through capacitors 209 and 210, average current can be supplied from V DD to receive circuit 
ground to operate clock recovery circuit 216 and decoder circuit 217. Load capacitor 624 
operates to minimize supply ripple on the DC supply voltage established on node V DD . 

Referring to the embodiment shown in Figure 6B, isolation capacitor 209 connects to 
node 646 and isolation capacitor 210 connects to node 647. The source node of n-channel 
MOSFET 641 and the source node of p-channel MOSFET 642 connect to node 646. Also 
connected to node 646 are the gates of n-channel MOSFET 643 and p-channel MOSFET 644. 
The source node of n-channel MOSFET 643 and the source node of p-channel MOSFET 644 
connect to node 647. Also connected to node 647 are the gates of n-channel MOSFET 641 and 
p-channel MOSFET 642. The drains of devices 641 and 643 are connected to the ground node of 
the receiving circuit. The drains of devices 642 and 644 are connected to the node 220, which 
provides V DD voltage for the isolated circuitry. Also connected to V DD node 220 are load 
capacitor C L 645 and the power supply inputs of clock recovery circuit 216 and decoder circuit 
217 as shown in Figure 2. 

Referring to the exemplary embodiment illustrated in Figure 6B, the operation of the 
active diode bridge used in differential digital communication will now be described. A 
differential digital signal is received through capacitors 209 and 210. When a digital 'high' 
signal is received through capacitor 209, a corresponding digital 'low' signal is received through 
capacitor 210, and node 646 goes high while node 647 goes low. This condition turns on devices 
642 and 643 while turning off devices 641 and 644. Consequently, current flows through 
capacitor 209, device 642, from V DD to ground through capacitor C L and through clock recovery 
circuitry 216 and decoder circuitry217 shown in Figure 2. The circuit is completed from receive 
circuit ground 650, through device 643 and finally returning across the isolation barrier through 
capacitor 210. The current demand on V DD must be limited so that the voltage on node 646 
relative to node 650 can be recognized as a high logic level signal by the clock recovery and 
decoder circuitry. 

When a digital 'low' signal is received through capacitor 209, a digital 'high' signal is 
received through capacitor 210, and node 646 goes low while node 647 goes high. This 
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condition turns on devices 641 and 644 while turning off devices 642 and 643. Consequently 
current flows through capacitor 210 and device 644 to V DD node 220, and from there to ground 
through capacitor 645 and through clock recovery and decoder circuitry shown in Figure 2. The 
circuit is completed from ground 650, through device 641 and finally returning across the 
isolation barrier through capacitor 209. Therefore, in either logic state, and independently of the 
current flow direction through capacitors 209 and 210, current flows in the same direction from 
V DD to ground. Therefore, an average or DC supply voltage is established on node V DD , and 
adequate current can be supplied to operate clock recovery circuit 216 and decoder circuit 217. 
Load capacitor 645 operates to minimize power supply ripple, providing a filtering operation on 
V DD . An added benefit of the ability to power sections of the isolated circuitry from the digital 
signal transmitted across the capacitive isolation barrier from the powered circuitry is that it 
allows isolated power-up and power-down control of isolated circuitry sections on an as-needed 
basis. 

Parasitic bipolar transistors may result from typical CMOS processes. If they are not 
controlled, these bipolar transistors can discharge the power supply 627 shown in Figure 6A 
during the initial power up time. If the discharge current from the parasitic bipolar transistors is 
larger than the current delivered to the power supply 627 through transistor 622, then the circuit 
may not power up to the desired full voltage level. The beta of a lateral bipolar transistor in any 
CMOS process is a function of layout. With appropriate layout (i.e., large base region), the beta 
can be kept small enough to minimize undesired discharge currents. Further care needs to be 
taken in the design of any circuit that is connected to power supply 627. The circuits connected 
to power supply 627 cannot draw more current from the power supply than is available from the 
active diode bridge, even before the supply has ramped to the full value. Circuit design 
techniques to address these issues are common and well known in the art. 

In the illustrative embodiment shown in Figure 2, delta-sigma digital to analog converter 
(DAC) 208 receives input data from decoder .217 and synchronous clock input from clock 
recovery circuit 216. Analog output signal 218 is generated by DAC 208 in response to the 
digital data that is communicated across the capacitive isolation barrier. The output signal 218 is 
highly immune to amplitude and phase noise that may be introduced in the barrier circuitry 
because the signal that is communicated across the isolation capacitors is a synchronous digital 
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signal, and because the received data is resynchronized to the recovered, jitter-filtered clock 
signal. The DAC is also timed by that clock signal. Delta-sigma DAC technology is well known 
in the art, and selecting a suitable DAC circuit will be a matter of routine design choice directed 
to the intended application of the barrier circuit. See, for example, P. Naus et al., A CMOS 
Stereo 16-Bit D/A Converter for Digital Audio , IEEE Journal of Solid State Circuits, June 1987, 
pp. 390-395, which is incorporated herein by reference. 

Figure 7 illustrates a preferred bidirectional embodiment of the present invention. It will 
be recognized that other unidirectional and bidirectional isolation barriers may be designed by 
persons skilled in the art using the principles described herein, and that such barriers will fall 
within the scope of this invention. In the illustrated and described embodiment, the capacitive 
isolation system comprises a "transmit" system to the left of center, a "receive" system to the 
right of center, and a capacitive isolation barrier in the center of the figure comprising two high 
voltage capacitors 705 and 706. Note that the terms "transmit" and "receive" are used to identify 
the powered and isolated sides of the barrier, respectively, and that in this embodiment data may 
be conveyed across the barrier in both directions. Many of the components in this bidirectional 
embodiment are identical or similar to those in the unidirectional embodiment described above 
with reference to Figure 2. 

The transmit system includes delta-sigma analog-to-digital converter 701 operable on the 
analog input 720 of the transmit circuit and synchronized to clock signal 722 from oscillator 704. 
The analog input 720 of the transmit system is an analog signal containing information to be 
transmitted across the isolation barrier, which may be for example an analog voice signal to be 
coupled to a telephone system. Digital output 724 of the delta-sigma ADC may be time-division 
multiplexed with digital control input 726 by the encoder circuit 702. Digital control input 726 is 
a digital signal containing additional information to be transmitted across isolation barrier 705, 
706. Digital control input 726 may include control information for analog circuitry on the 
receiving side of the isolation barrier. Encoder circuit 702 also formats the resulting data stream 
into a coding scheme that allows for robust clock recovery on the receiving side of the isolation 
barrier, as is described above. 
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Encoder circuit 702 also receives a clock signal 722 from oscillator 704. Driver circuit 
703 of the transmit system drives the encoded signal to isolation capacitors 705 and 706 in 
response to the output of encoder circuit 702. 

The isolation barrier comprises two high voltage capacitors 705, 706. In one 
embodiment, capacitor 705 is driven bidirectionally by drivers 703, 713 while capacitor 706 
provides a return path across the isolation barrier. In another embodiment of the present 
invention, capacitors 705 and 706 are differentially driven by digital driver circuits 703, 713. 

A preferred embodiment of the receive system, shown to the right of isolation capacitors 
705, 706 in Figure 7 includes clock recovery circuit 707, whose inputs are connected to isolation 
capacitors 705, 706. The clock recovery circuit recovers a clock signal from the digital data 
driven across the isolation barrier and provides synchronized clock signal 730 to the various 
circuits in the receive system. The recovered clock operates as the time base for decoder 708 and 
delta-sigma digital-to-analog converter 709. Decoder section 708 separates the time division 
multiplexed data and control information, providing digital control output 732 to other circuitry, 
and providing synchronous data signal 734 as an input to delta-sigma DAC 709. The delta- 
sigma DAC 709, with digital input 734 supplied by decoder 708, and clock signal 730 supplied 
by clock recovery section 707, operates synchronously with the transmit system delta-sigma 
ADC 701 and provides analog output 736 on the receiving side of the isolation barrier. Active 
diode bridge 710 is connected to isolation capacitors 705 and 706 and supplies a DC power 
supply voltage to clock recovery circuit 707 and decoder circuit 708 by drawing current from the 
digital signal transmitted across the isolation barrier, as is described in detail above. Driver 713 
must remain tri-stated until decoder 708 has detected a valid frame, indicating successful power- 
up of the receive circuit sections. 

The embodiment shown in Figure 7 also enables communication from the receive system 
to the transmit system, or from right to left across the isolation capacitors as illustrated. The 
receive system encoder circuit 712 and driver circuit 713 cooperate to communicate information 
back from the receive system to the decoder circuit 714 in the transmit system. Receive system 
encoder section 712 receives a clock input 730 from clock recovery section 707, and is thereby 
synchronized to the transmit system oscillator 704 and encoder 702. This synchronization allows 
transmission in each direction to occur in distinct time slots. In time slots where transmit driver 
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703 is operable to transmit information from the transmit system to the receive system, receive 
driver 713 is tri-stated or disabled. Alternatively, in time slots where receive driver 713 is 
operable to transmit information back from the receive system to the transmit system, transmit 
driver 703 is tri-stated or disabled. In this manner, bidirectional communication may be 
established across a single pair of high voltage isolation capacitors. 

Digital control input 738 of the receive system is a digital signal containing information 
to be communicated across the isolation barrier, including control information for analog 
circuitry on the transmit system side of the barrier. The receive system also includes delta-sigma 
ADC 711 operable on analog input signal 740 so that the information contained in analog signal 
740 on the receive system side of the isolation barrier can be conveyed across the barrier in 
digital form and then accurately reproduced on the transmit system side of the barrier. The 
receive system delta-sigma ADC 711 receives its clock input from clock recovery circuit 707, 
and is thereby synchronized with transmit system oscillator 704. Digital output signal 742 
generated by receive system ADC 711 may be time-division multiplexed with receive system 
digital control input 738 in encoder section 712. 

In the transmit system, decoder circuit 714 is connected to isolation capacitors 705, 706 
to receive signals therefrom, identify signals representing information coming from the receive 
system. Decoder 714 then extracts the digital control information from the data stream received 
from the receive circuit, and passes data signal 744 generated by delta-sigma ADC 711 to 
transmit system delta-sigma DAC 715. Decoder 714 also latches and retimes the data received 
across the barrier to synchronize it with clock signal 722, which is generated by oscillator 704, 
thereby eliminating the effects of phase noise interference and other sources of jitter in the 
synchronous digital signal. Circuits that are suitable for performing these decoder functions are 
well known in the art. 

Transmit system delta-sigma DAC 715 receives its clock input from oscillator 704 and is 
thereby synchronized to receive system ADC 711. Transmit system DAC 715 provides a 
reconstructed analog data output signal 746, thereby completing the communication of analog 
information back from the receive system to the transmit system. 
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In summary, Figure 7 describes a bidirectional communication system for conveying 
analog and digital information across a capacitive isolation barrier. The barrier itself is 
inexpensive, since only two high voltage isolation capacitors are required for synchronous, 
bidirectional communication. The barrier is a reliable communication channel because the 
digital signals communicated across the barrier are insensitive to amplitude and phase noise 
interference that may be introduced at the isolation barrier. 

A more detailed description of a clock recovery circuit suitable for use in this invention 
with the coding scheme of Figure 4 will now be provided, with reference to Figure 8. Clock 
recovery PLL 805 has data input 530, data output 546 and recovered clock signal output 544. 
Phase detector 810 has inputs DATA 530 and feedback clock signal CK2 545. The outputs of 
phase detector 810 are SPEED-UP1 and SLOW-DOWN1 signals, both of which are connected to 
inputs of phase detector charge pump 816. Frequency detector 818 has inputs DATA 530 and 
output clock signal CK4 544. The outputs of frequency detector 818 are signals designated 
SPEED-UP2 and SLOW-DOWN2, which are connected to the inputs of frequency detector 
charge pump 824. The outputs of phase detector charge pump 816 and frequency detector charge 
pump 824 are connected together and are also connected to the input of voltage controlled 
oscillator ("VCO") 535 and one terminal of resistor 533. The other terminal of resistor 533 is 
connected to one terminal of capacitor 534. The other terminal of capacitor 534 is connected to 
ground. The output of VCO 535 is the CK2 signal 545. The clock input of flip-flop 826 is 
connected to CK2 545. The Q-bar output of flip-flop 826 is connected to the D input of flip-flop 
826. The Q and Q-bar outputs of flip-flop 826 are connected to the inputs of multiplexer (mux) 
828. The control input 830 of mux 828 is called MUX CONTROL and comes from the framing 
logic, which is described elsewhere in this specification. The output of mux 828 is the CK4 
signal 544. The D input of flip-flop 542 is connected to data input 530. The clock input of flip- 
flop 542 is connected to the CK4 signal 544. The Q output of flip-flop 542 is the resynchronized 
DATAOUT signal 546, which is sent to the frame detect logic. 

Frequency detector 818 is dominant over phase detector 810 when the frequency of the 
DATA and CK4 signals are different. Once the frequency of the DATA and CK4 signals are 
substantially similar, the SPEED-UP2 and SLOW-DOWN2 signals become inactive and phase 
detector 810 becomes dominant. Separate charge pumps for the phase detector and frequency 
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detector allow for independent control of the gain of the phase detector and frequency detector 
circuits. Alternatively, if independent gains are not required, then the SPEED-UP 1 and SPEED- 
UP2 signals could be logically ORed together to drive one charge pump. And likewise the 
SLOW-DOWN 1 and SLOW-DOWN2 signals could be logically ORed together to drive the 
other input to the charge pump. 

The output of VCO 535 is the CK2 signal, which is divided by two in frequency by flip- 
flop 826. Since CK2 is divided by two to generate the bit rate clock signal. CK4, there can be 
two phases of CK4 with respect to the start of a bit period. The phase of CK4 that will yield 
correct operation of the frequency detector is the one where the rising edge of CK4 aligns with 
the start of a bit period. The frame-detect logic is needed to detect the start of a bit interval and is 
used to select the appropriate phase of CK4 using mux 828. 

It will be appreciated that a clock recovery circuit according to this invention, such as that 
illustrated in Figure 8 or Figure 15, may, be beneficially used to recover and stabilize a clock 
signal on the isolated side of the barrier where the clock signal is conveyed via isolation elements 
that are separate from the isolation elements that are used to transfer the data signal. 

A preferred embodiment of a decoder circuit 708 is shown in Figure 11. Shift register 
840 has an input connected to the DATAOUT signal 546 from clock recovery circuit 805 and is 
clocked by recovered clock signal CK4. Multi-bit output 842 of shift register 840 is connected to 
frame-detect logic 844 and to demux logic 846. Frame detect logic 844 has one output 
connected to mux control logic 848 and one output connected to demux logic 846. Demux logic 
846 is clocked by CK4. Counter 850 is also clocked by CK4. The output of counter 850 is 
connected to mux control logic 848. The output of mux control logic 848 is the MUX- 
CONTROL signal 830 sent to the clock recovery PLL 805 to select the proper phase for the CK4 
signal. The outputs of demux logic 846 are the DEMUXED DATA signal and the CONTROL 
signal. 

Shift register 840 stores a predetermined number of bits of the serial DATAOUT signal 
546. Frame-detect logic 844 operates on this data and detects when a frame signal is received. 
Many possible framing signal formats can be used. A format that may be used in a presently 
preferred embodiment is shown in Figure 12. Data 860 is alternated with framing signals 862 
and control signals. In the framing format shown in this figure, one control signal (off hook) 864 



-19- 



is sent for every eight data bits. The remaining seven bits in the frame of sixteen are used for 
frame synchronization. The illustrated framing signal is six ones followed by a zero in the 
control signal field. The data signal may be guaranteed to not have more than five ones in a row 
so that it will not be mistaken for a framing signal. Many other framing formats are possible to 
allow for different data signal properties and to permit the use of additional control bits. 

Once the frame detect logic 844 detects six one's followed by a zero in the control signal 
field, mux control logic 848 is set to maintain the phase of the CK4 signal. If after a 
predetermined number of CK4 clock cycles a framing signal is not detected, then counter 850 
will cause mux control logic 848 to change the phase of CK4 using mux 828 (Figure 8). Counter 
850 will then be reset, and frame detect logic 844 will again attempt to detect the selected 
framing signal so as to achieve synchronization. Only the correct phase of CK4 will achieve 
frame synchronization. Once frame synchronization is achieved, demux logic 846 can correctly 
decode control and data signals. 

The specific structure and operation of frame detect logic 844, demux logic 846, and mux 
control logic 848 is dependent upon the selected framing format, the selected multiplexing 
scheme, and other design choices. The detailed design of this circuitry is within the ordinary 
skill in the art and is omitted from this description of a preferred embodiment. 

Exemplary embodiments of phase and frequency detectors 810, 818 are shown in Figures 
9 and 10. Referring to Figure 9, phase detector 810 has input signals CK2 and DATA and output 
signals SPEED-UP 1 and SLOW-DOWNl. A two input NAND gate 860 has inputs DATA and 
CK2 and its output is connected to one input of NAND gate 862. A two input NOR gate 864 
also has inputs DATA and CK2 and its output is connected to the input of inverter 866. A two 
input NAND gate 868 has one input connected to the output of the inverter 866 and one input 
connected to the output of NAND gate 862. NAND gate 862 has one input that is connected to 
the output of NAND gate 860 and the other input connected to the output of NAND gate 868. A 
three input AND gate 870 has one input connected to the output of inverter 872, another input 
connected to the DATA signal and another input connected to the output of NAND gate 862. 
The output of AND gate 870 is the SLOW-DOWNl signal. The input of inverter 872 is 
connected to the CK2 signal. A three input AND gate 874 has one input connected to the output 
of NAND gate 862, another input is connected to the CK2 signal and another input is connected 
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to the output of inverter 876. The output of AND gate 874 is the SPEED-UP1 signal The input 
of inverter 876 is connected to receive the DATA signal. 

In the illustrated embodiment, phase detector 810 compares the phase on the falling edges 
of DATA and CK2 after both signals are high at the same time. NAND gates 862 and 868 form 
a set-reset type latch. The latch gets "set" such that the output of NAND gate 862 is high when 
both the DATA and CK2 signals are high. The latch gets "reset" such that the output of NAND 
gate 862 is low when both DATA and CK2 are low. When the latch is "set" (i.e., both DATA 
and CK2 are high), AND gates 870 and 874 are enabled. Once the AND gates 870 and 874 are 
enabled they can compare the falling edges of CK2 and DATA to determine which signal goes 
low first. If DATA goes low first, then the SPEED-UP 1 signal will go high until CK2 also goes 
low, indicating that oscillator 535 needs to oscillate faster in order to achieve phase alignment 
with the DATA signal. If the CK2 signal goes low first then the SLOW-DOWN1 signal will go 
high until DATA also goes low, indicating that oscillator 535 should oscillate slower in order to 
achieve phase alignment with the DATA signal. The SPEED-UP 1 and SLOW-DOWN1 signals 
are connected to phase detector charge-pump 816. 

A preferred embodiment of frequency detector 818 is shown in Figure 10. The inputs to 
frequency detector 818 are the DATA and CK4 signals and the outputs are the SPEED-UP2 and 
SLOW-DOWN2 signals. Delay cell 880 has its input connected to CK4 and output connected to 
one input of NOR gate 882. The delay cell 880 consists of an even number of capacitively 
loaded inverter stages or other delay generating circuitry and is well known in the art. The 
output of inverter 884 is connected to the other input of NOR gate 882 and the input of inverter 
884 is connected to CK4. The output 886 of NOR gate 882 is reset pulse that occurs on the 
rising edge of CK4, and is connected to the reset input of D flip-flops 888, 890, and 892. The 
input of inverter 895 is connected to DATA. The output of inverter 895 is connected to the clock 
input of D flip-flops 888, 890, and 892. The D input of flip-flop 888 is connected to V DD . The 
D-input of flip-flop 890 is connected to the Q-output of flip-flop 888. The D-input of flip-flop 
892 is connected to the Q-output of flip-flop 890. D flip-flops 894 and 896 have their clock 
inputs connected to CK4. The D input of flip-flop 894 is connected to the Q output of flip-flop 
888. The D-input of flip-flop 896 is connected to the Q-output of flip-flop 890. The input of 
inverter 898 is connected to the Q-output of flip-flop 894, and the output of inverter 898 is the 
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SL0W-D0WN2 signal. OR gate 900 provides the SPEED-UP2 signal. One input of OR gate 
900 is connected to the Q-output of flip-flop 896, and the other input is connected to the Q- 
output of flip-flop 892. The SPEED-UP2 and SLOW-DOWN2 signals are connected to the 
frequency-detector charge pump 824. 

The illustrated embodiment of frequency detector 818 counts the number of DATA 
pulses within one CK4 cycle. The frequency of CK4 should equal to the bit rate of the DATA 
pattern. Suitable encoding used for the DATA signal will ensure that there will be only one CK4 
rising edge for each data pulse falling edge, if the frequency of CK4 is equal to the data rate. If 
the CK4 frequency is equal to the data rate then the Q-output of flip-flop 888 will be high prior 
to each rising edge of CK4 and the Q-outputs of flip-flops 890 and 892 will be low prior to each 
rising edge of CK4. If the Q-output of flip-flop 888 is low prior to the rising edge of CK4 then 
the SLOW-DOWN2 signal will go high for the duration of the next CK4 cycle, signaling that 
oscillator 535 should slow down. If the Q-output of flip-flop 890 is high prior to the rising edge 
of CK4, then the SPEED-UP2 signal will go high for the duration of the next CK4 cycle 
signaling that the oscillator should speed up. 

Another exemplary data coding scheme that may be used in an isolation system 
constructed in accordance with this invention is shown in Figure 14. In this scheme, each bit 
period 570 is split into four fields. The first field 572 is referred to as the clock field and is 
always high independent of the data being transferred. The second field 574, which may occupy 
the second quarter of the bit period 570, contains the forward-going (from transmit side to 
receive side) data bit. This data bit can be either the delta-sigma data bit or a control bit or any 
desired type of encoding bit, in accordance with the requirements of the application in which the 
invention is used. The third field 576, which may occupy the third quarter of the bit period, is 
always low to ensure enough signal transitions to provide for power transmission in the forward 
path along with the first two fields, at least one of which is high in each bit period. The forward 
(transmit side) driver circuit is tri-stated during the fourth field 578, thus allowing for data 
transmission in the opposite direction across the isolation capacitor. Of course, this particular 
coding scheme is provided as an example, and many other coding schemes may be devised that 
will be operable in the various embodiments of the present invention. 
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It is desirable to use the logic "1" that is present at the beginning of each bit period for 
clock recovery, since it is always present at periodic intervals. However, if the reverse data bit 
from the previous bit period is a one, the rising edge at the beginning of the next bit period will 
not be readily seen by a logic gate and therefore will not be useful for clock recovery. To 
mitigate this effect and to allow reliable clock recovery, every fourth bit in the reverse field may 
be guaranteed to be zero by the encoding algorithms that are employed. The total frame length 
can be increased if more control bits need to be sent across the barrier in the reverse direction. 
Every fourth clock edge (the one associated with a zero in the previous reverse bit field ) may 
then be used for clock recovery. 

A block diagram of an exemplary PLL circuit that can perform clock recovery in 
accordance with the coding scheme of Figure 14 is shown in Figure 15. The forward data 
(conveyed from the transmit side to the receive side) is connected to divide-by-four counter 800. 
The output of counter 800 is connected to phase- frequency detector 801. The output of phase- 
frequency detector 801 is connected to charge pump 802. The output of charge pump 802 is 
connected to the input of loop filter 803. The output of loop filter 803 is connected to the input 
of voltage controlled oscillator (VCO) 804. The output of VCO 804 is the bit clock used for 
synchronizing the received data signal and for providing a clock signal to the receive side 
circuitry. The output of VCO 804 is also connected to the input of divide-by-four counter 805. 
The output of counter 805 is connected to the other input of phase-frequency detector 801. The 
phase-frequency detector 801 and the other circuits in the illustrated clock recovery circuit of 
Figure 15 are well known in the art, and the specific circuitry selected for a particular application 
would be a matter of routine design choice. 

Figure 16 is a general block diagram of digital DAA circuitry 110 including phone line 
side circuitry 118, an isolation barrier 120, and powered side circuitry 116 according to the 
present invention. The isolation barrier 120 may include one or more capacitors and allow for the 
transmission of digital information between the isolation interface 1614 in the phone line side 
circuitry and the isolation interface 1610 in the powered side circuitry. The phone line side 
circuitry 118 may be connected to phone lines of a telephone network system, and the powered 
side circuitry 116 may be connected to external controllers, such as digital signal processors 
(DSP), that may be part of a communication device, such as a phone or modem. 
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The powered side circuitry 1 16, which may be implemented as an integrated circuit (IC), 
may communicate with the external controller through a digital interface 1606 and a control 
interface 1608. For example, the digital interface 1606 may have a number of external pins 
providing a serial port interface to the external controller, such as a master clock input pin 
(MCLK), a serial port bit clock output (SCLK), a serial port data IN pin (SDI), a serial port data 
OUT pin (SDO), a frame sync output pin (FSYNC_bar), and a secondary transfer request input 
pin (FC). Similarly, the control interface 1608 may have a number of external pins providing 
control and status information to and from the external controller, such as a ring detect status pin 
(RGDT_bar), an off-hook status pin (OFHK_bar), a reset pin (RESET_bar), and multiple mode 
select pins (MODE). (It is noted that the suffix "_bar" is used to denote a signal that is typically 
asserted when at a low logic level.) In addition, the digital interface 1606 and the control 
interface 1608 are connected to the isolation interface 1610 so that control, status, signal and 
other desired information may be transmitted to and received from the phone line side circuitry 
118 across the isolation barrier 120. 

The phone line side circuitry 118, which may be implemented as an integrated circuit 
(IC), may communicate with the phone lines through hybrid circuitry 1616, may receive DC 
power and provide an internal power supply voltage through DC termination circuitry 1618, and 
determine ring-detect and off-hook status information through off-hook/ring-detect block 1620. 
In addition, the hybrid circuitry 1616, the off-hook/ring-detect block 1620, and the DC 
termination circuitry 1618 are connected to the isolation interface 1614 so that control, status, 
signal and other desired information may be transmitted to and received from the powered side 
circuitry 116 across the isolation barrier 120. 

In the embodiment depicted, the hybrid circuitry 1616 has an output pin (TX) and an 
input pin (RX) that may connect to external telephone interface circuitry such as hook-switch 
circuitry and a diode bridge. The hybrid circuitry 1616 may function to split the differential 
signal existing on the phone, which typically includes both transmit and receive analog 
information, into an internal transmit signal (TX INT ) and receive signal (RX !NT ). It is noted that 
the TX output pin is labeled to indicate that it is used to transmit analog information to the phone 
lines, and that the RX pin is labeled to indicate that it is used to receive analog information from 
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the phone lines. These external pin signals are different than the internal analog transmit signal 
(TX INT ) and analog receive signal (RX INT ). 

The DC termination circuitry 1618 may have a number of external pins that also connect 
to external telephone interface circuitry such as hook-switch circuitry and a diode bridge. For 
example, the DC termination circuitry 1618 may have a DC termination pin (DCT), a voltage 
regulator pin (VREG), an external resistor pin (REXT), and a isolated ground pin (IGND). The 
DC termination circuitry 1618 terminates the DC voltage on the phone line and provides an 
internal power supply for the phone line side circuitry 118. The DC termination pin (DCT) 
receives the phone line DC current. The voltage regulator pin (VREG) allows external regulator 
circuitry, such as a capacitor, to be connected to the DC termination circuitry 1618. An external 
power dissipating resistor may be connected to the external resistor pin (REXT). And the 
isolated ground pin (IGND) may be connected to the system ground for the powered side 
circuitry 116 through a capacitor within the isolation barrier 120 and may also be connected to 
the phone line through a ground connection within external diode bridge circuitry. 

The off-hook/ring-detect block 1620 may have external input pins allowing status 
information to be provided concerning phone line status information (RNG1, RNG2), such as 
ring and caller identification signals. For example, the first ring detect pin (RNG1) may connect 
to the tip (T) lead of the phone line through a capacitor (2200 pF), and the second ring detect pin 
(RNG2) may connect to the ring (R) lead of the phone line through a capacitor (2200 pF). In 
addition, off-hook/ring-detect block 1620 may have external output pins (QB, QE) that control 
external off-hook circuitry to enter, for example, an off-hook state or a limited power mode to get 
caller identification information. In addition, the output pins (QB, QE) may be connected to the 
base and emitter, respectively, of a bipolar transistor within external hook-switch circuitry. 

Figure 17 is a general block diagram of internal transmit (TX) and receive (RX) signal 
paths within digital DAA circuitry 110 according to the present invention. In the embodiment 
depicted, information may communicated in either direction across the isolation barrier 120. It is 
noted that Figure 17 does not depict all of the functional blocks within powered side circuitry 
116 and phone line side circuitry 118. It is also noted that the blocks depicted may be 
implemented as numerous additional blocks carrying out similar functions. 
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In the embodiment of Figure 17, communications from the phone line side circuitry 118 
to the powered circuitry 1 16 are considered receive signals. Within phone line side circuitry 118, 
a delta-sigma analog-to-digital converter (ADC) 1710 receives an internal analog receive signal 
(RX INT ), which may be provided for example by hybrid circuitry 1616. The output of delta-sigma 
ADC 1710 is oversampled digital data stream in a pulse density modulation format. The 
decoder/encoder circuitry 1708 processes and formats this digital information as desired before 
sending it across the isolation barrier 120 as encoded digital information. For example, 
decoder/encoder 1 708 may multiplex control data with the digital stream before it is sent across 
the isolation barrier 120. This control data may be a any desired information, such as ring detect 
signals, off-hook detect signals, or other phone line status information. Within powered side 
circuitry 116, the decoder/encoder 1706 decodes this encoded digital information received across 
the isolation barrier 120. The digital filter 1702 processes this decoded digital stream and 
converts it into internal digital receive data (RX D ) that may be provided through the digital 
interface 1606 to an external controller. 

Communications from the powered side circuitry 1 16 to the phone line side circuitry 118 
are considered transmit signals. Within powered side circuitry 116, a delta-sigma modulator 
1704 receives an internal digital transmit signal (TX D ), which may be provided for example from 
an external controller through digital interface 1606. The output of delta-sigma modulator 1704 
is an oversampled digital data stream in a pulse density modulation format. The decoder/encoder 
circuitry 1706 processes and formats this digital information as desired before sending it across 
the isolation barrier 120 as encoded digital information. For example, decoder/encoder 1706 
may multiplex control data with the digital stream. This control data may be a any desired 
information, such as ring detect signals, off-hook detect signals, or other phone line status 
information. In addition, decoder/encoder 1706 may add framing information for 
synchronization purposes to the digital stream before it is sent across the isolation barrier 120. 
Still further, decoder/encoder 1706 may format the digital data stream so that a clock signal may 
be recovered within the phone line side circuitry 118, for example, as is discussed with respect to 
Figure 14 above. Within phone line side circuitry 118, the decoder/encoder 1708 may recover a 
clock signal and may decode the encoded digital information received across the isolation barrier 
120 to obtain framing, control or status information. The digital-to-analog converter (DAC) 
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1712 converts the decoded digital stream and converts it into internal analog transmit data 
(TX INT ) that may be provided as an analog signal through the hybrid circuitry 1616 and 
ultimately to the phone lines. 

Figure 18 is a general circuit diagram of digital DAA circuitry 110 implemented with a 
two integrated circuits (ICs) and a capacitive isolation barrier 120 according to the present 
invention. In particular, powered side circuitry 116 may include a powered side integrated 
circuit (IC) 1802 A, and phone line side circuitry 118 may include a phone line side IC 1802B. 
External circuitry, such as hook-switch circuitry 1804 and diode bridge circuitry 1806, is also 
shown connected to external pins of the phone line side IC 1802B. In the embodiment depicted, 
external pins 1810 of the powered side IC 1802 A are connected to an external digital signal 
processor (DSP) and the external pins 1808 are connected to a external application specific IC 
(ASIC) or controller. The isolation barrier 120 may include a first capacitor (CI) connecting an 
external signal (CIA) pin on the powered side IC 1802 A to an external signal (C1B) pin on the 
phone line side IC 1802B. In addition, the isolation barrier 120 may have a second capacitor 
(C2) connecting the isolated ground (IGND) pin on the phone line side IC 1802B to the system 
ground (GND) pin on the powered side IC 1802 A. In addition, the isolated ground (IGND) pin 
may be connected to node 1812 within diode circuitry 1806 and thereby be connected to the 
phone line. 



-27- 



• Please make the following amendments to the text of the specification as filed at 
page 8, lines 3-10: 

Figure 2 19 is a general block diagram of digital DAA circuitry 1 10 including phone line 
side circuitry 118, an isolation barrier 120, and powered side circuitry 116 according to the 
present invention. The isolation barrier 120 may include one or more capacitors and allow for the 
transmission of digital information between the isolation interface 1614 in the phone line side 
circuitry and the isolation interface 1610 in the powered side circuitry. The phone line side 
circuitry 1 1 8 may be connected to phone lines of a telephone network system, and the powered 
side circuitry 116 may be connected to external controllers, such as digital signal processors 
(DSP), that may be part of a communication device, such as a phone or modem. 

• Please make the following amendments to the text of the specification as filed at 
page 9, line 10 to page 10, lines 23: 

The hybrid and DC termination circuitry 1617 may have a number of external pins that 
also connect to external telephone interface circuitry such as hook-switch circuitry and a diode 
bridge as shown in Figures 2 19 and [[4]] 21. For example, the hybrid and DC termination 
circuitry 1617 may have a DC termination pin (DCT), a voltage regulator pin (VREG), two 
external resistor pins (REXT and REXT2), two filter pins (FILT and FILT2) and a isolated 
ground pin (IGND). The DC termination circuitry terminates the DC voltage on the phone line 
and provides an internal power supply for the phone line side circuitry 118. The DC termination 
pin (DCT) receives a portion of the phone line DC current with the remainder flowing through 
pins QE2 and QB2, depending upon the termination mode and DC current level. The voltage 
regulator pin (VREG) allows external regulator circuitry, such as a capacitor, to be connected to 
the DC termination circuitry 1617. External resistors and a capacitor may be connected to the 
two external resistor pins (REXT and REXT2) to set the real and complex AC termination 
impedance respectively. The filter pin FILT (along with the capacitor C5) sets the time constant 
for the DC termination circuit. The filter pin FILT2 sets the off hook/on hook transient 
responses for pulse dialing. The isolated ground pin (IGND) may be connected to the system 
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ground for the powered side circuitry 1 16 through a capacitor within the isolation barrier 120 and 
may also be connected to the phone line through a ground connection within external diode 
bridge circuitry. 

The off-hook/ring-detect block 1620 may have external input pins allowing status 
information to be provided concerning phone line status information (RNG1, RNG2), such as 
ring and caller identification signals. For example, the first ring detect pin (RNG1) may connect 
to the tip (T) lead of the phone line through a capacitor and resistor, and the second ring detect 
pin (RNG2) may connect to the ring (R) lead of the phone line through a capacitor and resistor. 
In addition, off-hook/ring-detect block 1620 may have external output pins (QB, QE) that control 
external off-hook circuitry to enter, for example, an off-hook state or a limited power mode to get 
caller identification information. More particularly, the output pins (QB, QE) may be connected 
to the base and emitter, respectively, of a bipolar transistor within external hook-switch circuitry. 
Figure 5 20 is a general block diagram of internal transmit (TX) and receive (RX) signal paths 
within digital DAA circuitry 110 according to the present invention. In the embodiment 
depicted, information may communicated in either direction across the isolation barrier 120. It is 
noted that Figure £ 20 does not depict all of the functional blocks within powered side circuitry 
116 and phone line side circuitry 118. It is also noted that the blocks depicted may be 
implemented as numerous additional blocks carrying out similar functions. 

In the embodiment of Figure 3- 20, communications from the phone line side circuitry 118 
to the powered circuitry 1 16 are considered receive signals. Within phone line side circuitry 118, 
a delta-sigma analog-to-digital converter (ADC) 1710 receives an internal analog receive signal 
(RX INT ), which may be provided for example by hybrid circuitry 1617. The output of delta- 
sigma ADC 1710 is oversampled digital data stream in a pulse density modulation format. The 
decoder/encoder circuitry 1708 processes and formats this digital information as desired before 
sending it across the isolation barrier 120 as encoded digital information. For example, 
decoder/encoder 1708 may multiplex control data with the digital stream before it is sent across 
the isolation barrier 120. This control data may be a any desired information, such as ring detect 
signals, off-hook detect signals, other phone line status information or data indicative of the 
country in which the DAA will be utilized (so that the appropriate phone line interface standards 
will be satisfied). Within powered side circuitry 116, the decoder/encoder 1706 decodes this 
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encoded digital information received across the isolation barrier 120. The digital filter 1702 
processes this decoded digital stream and converts it into internal digital receive data (RX D ) that 
may be provided through the digital interface 1606 to an external controller. 

• Please make the following amendments to the text of the specification as filed at 
page 11, lines 10-25: 

Figure [[4]] 2A is a general circuit diagram of digital DAA circuitry 1 i0 implemented 
with a two integrated circuits (ICs) and a capacitive isolation barrier 120 according to the present 
invention. In particular, powered side circuitry 116 may include a powered side integrated 
circuit (IC) 1802 A, and phone line side circuitry 118 may include a phone line side IC 1802B. 
External circuitry, such as hook-switch circuitry 1804 and diode bridge circuitry 1806, is also 
shown connected to external pins of the phone line side IC 1802B. In the embodiment depicted, 
external pins 1810 of the powered side IC 1802 A are connected to an external digital signal 
processor (DSP) and the external pins 1808 are connected to a external application specific IC 
(ASIC) or controller. The isolation barrier 120 may include a first capacitor (CI) connecting an 
external signal (CIA) pin on the powered side IC 1802 A to an external signal (C1B) pin on the 
phone line side IC 1802B. In addition, the isolation barrier 120 may have a second capacitor 
(C2) connecting the isolated ground (IGND) pin on the phone line side IC 1802B to the system 
ground (GND) pin on the powered side IC 1802A. In addition, the isolated ground (IGND) pin 
may be connected to node 1812 within diode circuitry 1806 (and thereby be connected to the 
phone line) and the remaining ground connections of the external circuitry of the phone line side 
circuitry 118. Typical component values for the various external capacitors, resistors, 
transistors, and diodes for the circuit of Figure [[4]] 21 are shown in Table 1. 

• Please make the following amendments to the text of the specification as filed at 
page 13, lines 1-25: 

A variety of characteristics of the DAA may be programmable in order to achieve 
compliance with a variety of regulatory standards. Thus, the DC termination characteristics, AC 
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termination characteristics, ringer impedance, or billing tone detector of the DAA circuitry 110 
may be programmable in order to achieve compliance with a variety of regulatory standards. For 
example, the DC current limiting requirements of French and TBR21 standards may be 
programmable obtained. Further, the low voltage requirements of Japan, Italy, Norway, and 
other countries may also be programmable obtained. More particularly, four DC termination 
modes (modes 0, 1, 2, and 3) may be programmed by setting two bits of a programmable register 
through use of the serial port data IN pin (SDI). More particularly, mode 2 is the standard loop 
voltage mode having no current limiting and with the transmit signal limited to -1 dBm. This 
mode is utilized to satisfy FCC and many European country requirements. Figure SG 22C 
illustrates the I-V characteristics of mode 2. As shown in Figures 5A - 5D 22A-22D , the DC 
voltage across the TIP and Ring lines is plotted as a function of the DC loop current from the 
phone line. Within the operating range of 15mA to 100mA, the DC impedance of the DC 
holding circuit is approximately 50Q (the slope of the I-V curve). The low voltage standards 
required for some countries (for example Norway) will be met by the low voltage mode 0 shown 
in Figure 22A with the transmit signal limited to -5.22 dBm. The slightly higher 
(approximately 0.3V higher) low voltage requirements of other countries (for example Japan and 
Italy) may be met by the low voltage mode 1 shown in Figure £B 22B with the transmit level 
limited to -2.71 dBm. As with mode 2, both low voltage modes 0 and 1 operate with a DC 
impedance of the DC holding circuit at approximately 50Q. Figure 5B 22D illustrates the I-V 
characteristics of mode 3 which is a current limiting mode as required in France and under the 
TBR21 standard. As shown in Figure £B 22D , a first segment A of the I-V curve operates at a 
50Q impedance and a second segment B of the I-V curve operates at a 3200Q impedance so that 
the DC termination will current limit before reaching 60mA (i.e. less than 60mA at 
approximately 35 volts or less. The crossover point between the two portions A and B of the 
curve is indicated as point C. A third segment D of the I-V curve of Figure 5B 22D operates at 
an 800Q impedance. 

• Please make the following amendments to the text of the specification as filed at 
page 14, line 5 to page 16, line 9: 
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In order to programmably achieve the DC termination characteristics of Figures 5A 5C 
22A-22C , the DC termination or DC holding circuit of the present invention provides a variety of 
improvements over the prior art. For example in order to achieve the current limiting 
requirements (such as in the TBR21 standard), the phone line side circuitry 118 must dissipate up 
to approximately two watts of power. Typical non current limiting specifications such as FCC 
standards will result in only a fraction of that amount of power dissipation to occur. However, it 
is undesirable to require this increase power dissipation to be performed by the phone line side 
integrated circuit 1802B. The circuit of Figure 6 23 provides a mechanism in which the 
increased power dissipation requirements of current limiting standards may be achieved by 
dissipating the additional power external to the integrated circuit. In this manner, a single DAA 
system may be utilized for both current limiting DC termination standards and non-current 
limiting standards without requiring excessive power dissipation within an integrated circuit. 

As shown in Figure 6 23, a phone line side integrated circuit 1802B includes DC 
termination or DC holding circuitry 600 which is coupled to the DCT, QE2 and QB2 pins. The 
DCT pin is coupled to a resistor RA, for example a 1600Q resistor. The QB2 pin is coupled to a 
resistor RB, for example a 1600Q resistor. Though shown as single resistors, each resistor RA 
and RB may be formed from a plurality of resistors such as resistors Rl, Rl 1, and R17, and R4, 
R19, and R20 respectively as shown in Figure 6 23. Resistors RA and RB are coupled to the 
hookswitch circuitry such as shown in Figure [[4]] 2j_. The QE2 and QB2 pins are coupled to the 
emitter and base of transistor Q4 respectively. In operation, the DC current on from the phone 
line may be directed through resistors RA and RB in varying amounts through control of 
transistor Q4 in order to adjust the DC impedance seen by the phone lines. For example, the 50Q 
impedance section of the I-V curve of Figure §& 22D (segment A) may be obtained when the 
transistor Q4 is fully on and the bulk of the DC current passes through transistor Q4. The 3200Q 
impedance section of the I-V curve of Figure 5© 22D (segment B) may be obtained while the 
transistor Q4 is being turned off and thus actively steering current through resistors RA and RB. 
The 800Q impedance section of the I-V curve of Figure 5© 22D (segment D) may be obtained 
when the transistor Q4 is fully turned off and thus the DC current is split between the resistors 
RA and RB. 
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The DC termination mode may be selectably programmed through the powered side 
circuitry 116 and control information transmitted across the capacitive barrier 120 to the DC 
holding circuitry 600. More particularly, the DC holding circuitry controls transistor Q4 
depending upon the selected mode. Thus when current limiting is desired, additional current 
may be steered to the resistors RA and RB. In this manner the higher impedance needed for 
current limiting specifications such as the 3200Q impedance section of the I-V curve of Figure 
5B 22D may be accurately achieved. Further, the additional power dissipation is performed 
external to the phone line side integrated circuit 1802B by resistor RA, resistor RB, and transistor 
Q4. Thus in one exemplary, resistor RA and resistor RB may each dissipate up to approximately 
three-fourths of a Watt, transistor Q4 up to one-half Watt while the integrated circuit need only 
dissipate up to three-tenths of a Watt. This technique is particularly advantageous in that much 
of the power is dissipated in passive elements (resistors) rather than solely in active devices. 
Thus, more than 50% of the DC power dissipated by the DC holding circuit may be dissipated in 
devices external to the integrated circuit 1802B, and more particularly, more than 50% of the DC 
power may be dissipated in passive resistor devices. 

A DC holding circuit 700 7000 for implementing the DC termination characteristics 
discussed above is shown in Figure 7 24. Figure 7 24 illustrates portions of the DAA system 
with like reference numbers and letters as shown in Figure [[4]] 21. As can be seen, Figure 7 24 
includes circuitry both internal and external to the phone side integrated circuit 1802B. More 
particularly, Figure 7 24 includes the RX, DCT, QB2, QE2, and FILT pins and associated 
internal and external circuits (the hooks witch circuitry is not being shown). As shown in Figure 
7 24, the DC holding circuit 700 7000 includes switches SI, S2, S3, S4, S5, S6, and S7. As 
discussed in detail below, the switches may be utilized to select the current limiting or non- 
current limiting modes of operation, to switchably operate the DC holding circuit in order to 
achieve fast settling times and low frequency operation and to select the low voltage modes of 
operation. 

The DC holding circuit 700 7000 also includes a current limiting circuit block 70£ 7050 , 
a distortion adjustment circuit block 7+0 7100 , and a voltage selection circuit block 744 7150 . 
As discussed further below, the current limiting circuit block 705 7050 operates in conjunction 
with proper selection of switches to implement the higher effective impedance of the DC holding 
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circuit to achieve the desired current limiting effect at a selected current limiting crossover point. 
The external transistor Q4 is controlled so that in the current limiting mode of operation current 
may be steered to both resistors RB (which as described above may each be formed from 
multiple resistors) so that power may be dissipated external to the integrated circuit 1802B. The 
distortion adjustment circuit block 7±£ 7100 operates to lower the total harmonic distortion at the 
crossover point. The voltage selection circuit block 244 7150 is utilized to select either of the 
low voltage modes (modes 0 and 1) or the standard voltage mode (mode 2 or 3). The remaining 
portions of the DC holding circuit TOO 7000 operate in both current limiting and non-current 
limiting modes as a second order (two pole) system with external capacitors C12 and C5 
affecting the frequency of the poles. The components of the DC holding circuit may be 
configured in a wide variety of manners to obtain the advantages of the invention disclosed 
herein and the embodiment of Figure 7 24 is merely exemplary. Likewise a wide variety of 
component values may be utilized. In one embodiment, the component values may be selected 
as shown below in Table 2. The transistors may be sized as labeled " X" in Figure 7 24. 

• Please make the following amendments to the text of the specification as filed at 
page 16, line 14 to page 17, line 8: 

When the DC holding circuit 700 7000 of Figure 7 24 is operating in the non-current 
limiting mode (modes 0, 1, or 2), switch S3 is open. During the current limiting mode of 
operation (mode 3) switch S3 is closed. As will be described in more detail below, switches SI, 
S2, and S4 operate to selectably control time constants of the DC holding circuit 700 7000 for 
use with PTT specifications which may conflict with very low frequency operations. Switches 
S5 and S6 are utilized to select the low voltage modes of operation (modes 0 and 1). More 
particularly, in standard voltage level operation (modes 2 and 3) both switches S5 and S6 are 
closed. In low voltage mode 0, switches S5 and S6 are both opened. In low voltage mode 1, 
switch S5 is open and switch S6 is closed. In operation, the selection of the state of the switches 
S5 and S6 will vary the resistance seen at the negative input of op amp OA2, thus changing the 
DC voltage at the DCT pin, which in turn changes the voltage between the TIP and RING lines 
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for a given amount of DC loop current. In mode 0 the DC voltage at the DCT pin is 2.8V, in 
mode 1 3.1 V and in modes 2 and 3 4.0V. 

• Please make the following amendments to the text of the specification as filed at 
page 17, line 16 to page 20, line 8: 

During non-current limiting modes of operation (transistor Q4 is fully turned), the DC 
impedance of the DC holding circuit 700 7000 of Figure 7 24 is approximately 50Q when 
utilizing the illustrative component values of Tables 1 and 2. This impedance value is obtained 
as explained below. The op amp circuitry of OA1 and OA2 attempt to force the DCT pin to 
track the AC signal on the TIP and RING lines with the resistor ratios selected in the illustrative 
embodiment. The op amp circuitry also attempts to prevent the AC current component in the 
current through transistor Ml (and transistor M3 which is tied to the gate of transistor Ml). The 
resulting DC current through transistor Ml, I(M1), will thus be proportional to the DC line 
voltage since I(M1) = (V line (DC) - V hookswitch (DC) - V diode bridge (DC) - V DCT (DC))/RA, where 
V h00kswitch (DC) is the DC drop across the hookswitch circuitry, V diode bridge (DC) is the DC drop 
across the diode bridge circuitry and V DCT is the DC voltage at the DCT pin. 

Further, the DC current at pin QE2 (and thus transistor Q4), will be a function of the 
current mirror transistors M6 and M7. More particularly with the IX : 63X sizing of the current 
mirror transistors shown in Figure 7 24, the DC current at pin QE2, I(QE2), will be 
approximately 64 x I(M3). Since I(M3) = I(Ml)/2, 1(QE2) = 32 x I(M1). Further since I(M1) = 
V line /RA + k, I(QE2) = V line / (RA/32) + k, wherein k is a constant. Thus, with RA chosen to be 
1600Q the desired DC termination impedance of 50Q will result in the non-current limiting 
mode of operation. 

When the current limiting mode of operation is entered, the switch S3 will be closed. 
This will allow current to sink through resistor R108 and transistor M10. Thus, the gate voltage 
on transistors Ml and M3 will not necessarily be the same. More particularly, when switch S3 is 
closed the current limiting effect will begin to occur as a function of the value of the DC current 
source II since the current limiting circuit block 70£ 7050 will attempt to maintain II > I(M2) + 
I(M4). When the loop current is low, and thus the gate voltages on transistors M2 and M4 is at a 
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level such that II > I(M2) + I(M4), current is not sunk through transistor Ml 0 and the current 
limiting block 7©£ 7050 does not have an effect. At this point the circuit will be operating in the 
region of segment A of the mode 3 operation shown in Figure SB 22D . 

However, as the DC loop current increases, the current through transistors M2 and M4 
will increase. When the total current I(M2) + I(M4) reaches the value of II, the current limiting 
effect will begin by reducing I(M4) as I(M2) increases by sinking current through resistor R108 
and transistor M10. In this manner the relationship II = I(M2) + I(M4) may be maintained. This 
has the effect of reducing the current through transistor M3 and thus actively steering current out 
of the QE2 pin and into resistors RA and RB. At this point the circuit will be operating in the 
region of segment B of the mode 3 operation shown in Figure 5B 22D . The location of the 
crossover point C (the point of change of DC impedance) of Figure 22D is thus dependent 
upon the value of II. In the illustrative embodiment shown, II may be 430jaA to achieve a 
current limiting crossover point at approximately 45mA of DC loop current. 

Distortion Limiting At Current Crossover 

The current limiting technique discussed above has potential to increase the harmonic 
distortion at the crossover (or "knee") point of the DC I-V curve of Figure 5D 22D . More 
particularly, though ideally the current through transistor M3 has no AC component, in practice 
non-ideal circuit components, mismatches, etc. will result in some AC component of the current 
through M3. Thus, the total phone line current, i LINE , will include the DC loop current of the 
holding circuit, the AC phone signal, and AC component of the current in M3. Distortion in the 
AC component of the current in M3 will therefore add harmonic distortion to the phone line 
signal. The current limiting techniques discussed above will add distortion to the AC component 
of the M3 current when the DC loop current is located at the crossover point or close to it. More 
particularly, in such situations the AC component of the transistor M3 current will have result of 
repeatedly turning on and off the current limiting effect. This will result in the AC component of 
the current in transistor M3 to also be repeatedly limited or not limited, thus distorting the AC 
component. For example, when the DC loop current is located at the crossover point and a low 
frequency sine wave is applied on the phone line, the AC component of the current through 
transistor M3 may be clipped as shown by curve A of Figure & 25. As shown in Figure & 25, the 
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clipping of curve A will occur when the total current through M3 exceeds the value of the current 
limit level, II. This distortion will be most significant for relatively low frequency signals (about 
less than 100 Hz) due to the low pass filtering effect of capacitor C5 on the output of OA2 which 
tends to remove higher frequency components (note that C5 provides a high pass filter to node 
RX which in turn performs a low pass filtering effect on the gate of transistor Ml through the use 
ofOAl and OA2). 

The distortion adjustment circuit block 740 7100 of Figure 7 24 compensates for this 
clipping effect through control of transistor M14 which is also coupled to the QE2 pin. The 
distortion adjustment circuit block 740 7100 operates in the mode 3 current limiting mode 
through the closure of switch S7. In other modes, switch S7 is opened and the distortion 
adjustment circuit block 740 7100 does not affect the DC holding circuitry. The distortion 
adjustment circuit block 740 7100 operates such that the current through transistor Ml 4 has a 
response opposite to that of the current through transistor M3 such as shown by curve B of 
Figure & 25. Because both transistors M3 and Ml 4 are coupled to the QE2 pin, the total AC 
component effect of the current through transistors M3 and Ml 4 will sum together. Since curves 
A and B Figure 8 25 demonstrate opposite clipping effects, the summation of these currents will 
be relatively free of clipping and the associated distortion, at least to a first order. The current 
response of curve B is obtained through the current steering relationship of transistors M3, M12, 
Ml 1 and M14. Thus, with the transistor sizing shown in Figure 7 24, the relationship i(M14) = 
(10 x 12) - i(M3) will result and the resulting AC component seen by the phone line due to the 
AC component of the current in transistors M3 and M4 will be 10 x 12. The value of 12 may be 
chosen such that 12 is greater than I(M3)/10 at the crossover point. 

2 nd Order DC Holding Circuit 

The DC holding circuit 700 7000 of Figure 7 24 is further advantageous in that it is a 
second order DC holding circuit. More particularly, a first and second pole in the frequency 
response of the circuit is provided through the use of capacitors C5 and CI 2 respectively. The 
first pole results from the filtering action at the RX pin resulting from capacitor C5 and the 
associated resistors coupled to the RX pin. This filtering action is relatively sufficient at high 
frequencies (for example 100 Hz or greater) to result in very little AC signals on the common 
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gate line of transistors Ml and M3 (and thus low AC current components through those 
transistors). However, at low frequencies more AC current components will be present in 
transistors Ml and M3 which would result in distortion at low frequencies. Improved frequency 
response may be obtained by adding a second frequency pole to the system. For example, 
another stage of low pass filtering could be added between the gates of transistor Ml and M3 to 
more heavily filter the gate signal on transistor M3. Alternatively, as shown in Figure 3 24 the 
additional low pass filtering may be provided through the use capacitor C12 coupled to the QE2 
pin. The use of the filter capacitor C12 coupled to the QE2 pin also provides noise filtering of 
the large PMOS device M7 which is used as a large current sinking device. 
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In the figures: 



• Please amend original figures 2-8 as shown in the attached replacement drawing 
sheets (amended herein to be figures 19-25). Marked-up (annotated) copies of the 
amended figures 2-8 are attached hereto as Appendix A. 

• Please add new figures 2-18 attached hereto. 
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